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LIST OF NOMENCLATURE 
P ex, Per, P cz - The X, Y, and Z coordinates of the point where the connecting rod attaches to the 
front swinger in the control shaft coordinate system. 
rs - distance from the swinger pivot to the point where the connecting rod attaches to the swinger. 
y - angle of the arc that the swinger oscillates within in the control shaft coordinate system. 
Pcx, Pcy, Pcz - The X, Y, and Z coordinates of the point where the connecting rod attaches to the 
front swinger in the control shaft coordinate system. 
v 
8 - angle of rotation of the control shaft within the global coordinate system, constrained to a range of 
±45°; also the value of the first axis transformation of the swinger assembly from the control 
shaft coordinate system to the global coordinate system. 
fJ - angle of second axis transformation of the swinger assembly from the control shaft coordinate 
system to the global coordinate system, which consists of a rotation about the global Z axis; 37° 
for the front swingers, 27° for the rear. 
<P - rotational angle of the crank that drives the swinger mechanism, in degrees. 
X0, Y0, and Z0 - location of the crank center in relation to the origin of the global coordinate system. 
re - crank throw (m). 
r - length of connecting rod (m). 
a - angle of the connecting rod from horizontal in the global coordinate system. 
PFx, Pm PFZ - the X, Y, and Z coordinates of the end of the rear swinger. 
Ox - horizontal distance between front and rear swinger pivots. 
0y - vertical distance between front and rear swinger pivots. 
d - distance between the rear swinger pivot and the attachment point of the rear swinger to the chaffer. 
l - length of the chaffer between swinger attachment points. 
Gcx, Ger, Gcz - the X, Y, and Z components of the acceleration of gravity in the global coordinate 
system. 
G - the magnitude of the acceleration of gravity, 9.8m/s2. 
<p - longitudinal tilt angle (uphill tilt in degrees, positive uphill). 
\jf - transverse tilt angle (sidehill tilt in degrees, positive to left). 
Ve - component velocity of the chaffer 
Vi 1 - component velocity of the kernel before impact 
Vi2 - component velocity of the kernel after impact 
Re - component coefficient of restitution 
XN, YN, and ZN - Newtonian coordinates of the simulated kernel' s travel path. 
x, y, and z - global coordinates of the simulated kernel's travel path. 
/J; and /Ju - factor and interaction coefficients in statistical model. 
x; and X ij - factor and interaction values in statistical model. 
c; - random statistical error term. 
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ABSTRACT 
A major weakness of the cleaning shoe in today's combines is its performance on sloping 
terrain. This is due in part to the fact that the basic action of a combine harvester's cleaning system 
has not changed over the last hundred years. A combine's grain cleaning system is still a flat 
perforated oscillating chaffer and sieve element coupled with a well distributed air blast to create a 
fluidized bed that allows separation of grain from MOG (Material Other than Grain). Sloped terrain 
allows material to concentrate on the downhill side of the shoe, resulting in a breakdown of the 
fluidized bed and loss of grain. 
The first step in this study was to develop a Simulink model that simulated the travel of a single 
corn kernel on a combine chaffer with three dimensional shake and variable shake speed, in order to 
evaluate its effects on the kernel's travel path while on a simulated slope. The model showed that on 
slopes, the shake may be adjusted to replicate level land travel. A test stand that incorporated three 
dimensional shake, variable fan speed, and variable shake speed was constructed based on the results 
of the analytical model. The slope insensitive test stand was capable of simulating any combination 
of transverse and longitudinal slopes up to 17° at feedrates up to 50 tons per hour. 
Two central composite designs of experiments and one modified central composite design were 
carried out and analyzed to develop a second order response surface that characterized the grain loss 
of the test stand in response to variations in environmental and control factors . The six variable 
parameters were feedrate, longitudinal slope, fan speed, shake speed, transverse slope, and side input. 
The test stand proved capable of providing level land performance on sloped terrain, with loss levels 
at or near baseline values for a production combine. The response model derived from the statistical 
analysis followed the measured results of the test stand well, and was capable of accurately predicting 
grain loss based on values of the six variable parameters. 
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INTRODUCTION 
Over the history of mechanized harvesting, hillsides have posed an obstacle to the efficient 
separation of grain from MOG (Material Other than Grain). Combines have traditionally lost 
tremendous capacity when operated on sloped terrain if the operator wanted to maintain low losses 
and a clean grain sample. This was due in part to the fact that the basic action of a combine 
harvester's cleaning system has not changed over the last hundred years. A combine's grain cleaning 
system is still a flat perforated chaffer and sieve element that oscillates to throw the grain and MOG 
mixture upward and towards the rear of the machine. The throwing action, coupled with a well 
distributed air blast, creates a fluidized bed in which the grain sifts through to the bottom of the crop 
mat and through the perforations in the chaffer and sieve. Machine orientation is critical to 
maintenance of the fluidized bed. When the combine tilts off level, the grain/MOG mixture tends to 
concentrate on the downhill side. When the crop material slips downhill, the crop mat becomes 
uneven, the air escapes through the path of least resistance, and the fluidized bed breaks down, 
allowing grain to be carried out the back. 
This study focused on the development of a slope insensitive cleaning shoe that would fit within 
the chassis of current John Deere STS combines and maintain the same clean grain standards at the 
same throughput. The first step to achieving this objective was to develop an analytical model to 
simulate the motion of a single corn kernel on a combine chaffer at various slopes and shake 
geometries. The model results were used to build a test stand that was based off the cleaning shoe of 
a John Deere STS combine to simulate combine operation on slopes and investigate methods of 
achieving slope insensitivity. Throughout this document the test stand will be referred to as the SITS, 
or Slope Insensitive Test Stand. The specific method of slope compensation built into the test stand 
was three dimensional shake to compensate for transverse (sidehill) slopes coupled with variable 
shake speed and fan speed to counteract longitudinal (uphill/downhill) slopes. The test stand operated 
within a laboratory setting using clean corn as the test medium. The results from the test sequences 
were used to develop a response surface to predict grain loss for any combination of environmental 
conditions and shoe settings. 
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REVIEW OF LITERATURE 
The earliest attempt at a totally slope insensitive cleaning system was built as part of a combine 
patented in 1895. It was a vertical axis rotary unit that fed from the bottom and separated grain 
through centrifugal force. The conical shape of the cleaner acted to convey the material from bottom 
to top by virtue of material's tendency to follow an expanding radius of travel when acted upon by 
centrifugal force (Landis, 1895). Other notable attempts include horizontal axis centrifugal cleaners 
that are co-axial with a rotary thresher (Famili and Srivastava, 1981 ), and a completely pneumatic air 
elutriation system (Hamilton and Butson, 1979). 
COMBINE PERFORMANCE ON SLOPED TERRAIN 
How to deal with sloped terrain is an important consideration when designing the cleaning shoe 
of a combine. However, there is a lack of published data on how combines actually behave when 
encountering sloped terrain. Simpson (1966) reported that on longitudinal slopes, shoe losses 
increased exponentially with increases in slope and/or increases in air blast for all shoe positions. He 
also found that the percent of foreign material increased exponentially with increases in downhill 
longitudinal slope. Turner (1982) evaluated cleaning shoe performance with a three section leveling 
chaffer to determine the effect of shoe surface slope on cleaning shoe performance. Each section 
could be rotated about a longitudinal axis within the oscillating chaffer frame and kept level with the 
machine on a transverse slope. Turner's tests indicated that with the machine operating on a 10% 
transverse slope the shoe capacity decreased by 53%. Loss curves were not affected by leveling the 
chaffer surface or leaving it sloped with the machine. Additional tests were run on level terrain with 
the chaffer level and then tilted 10% to the side. The results here also showed very similar loss 
curves between the two configurations. The overall conclusions of this study were that shoe capacity 
and loss on slopes is more dependent on other factors than on chaffer surface slope. These factors 
may include material distribution to the shoe and airflow direction and distribution through the 
chaffer. One factor that the author did not touch on is that during operation on sloped terrain the 
chaffer mechanism is sloped, which acts to impart a side motion on the level chaffer sections. The 
side motion will tend to force material to the downhill side, offsetting the benefits of leveling the 
chaffer section. 
SLOPE COMPENSATION METHODS 
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To date, nearly every combine manufacturer has concentrated on compensating for transverse 
slopes, but they neglect the effects of longitudinal slopes. Case-New Holland levels their entire 
cleaning shoe transversely in order to compensate for side slopes up to 17% (Rowland-Hill and 
Sheehan, 1985). AGCO incorporates accelerated grain feeding to lessen the effects of slope on 
Gleaner combines (Shaver, 1977). Claas utilizes three dimensional shake geometry to actively 
redistribute grain on the chaffer when it encounters a sidehill. The mechanism through which three 
dimensional shake is achieved on the SITS is similar to one described by a 1982 Claas patent for the 
same purpose (Heidjann and Fromme, 1982). However, the system actually used in Claas combines 
is markedly different, with many limitations. The chaffer is hung conventionally with four rubber 
mounted swingers, driven by a crank and connecting rod arrangement at the front of the chaffer. 
Additionally, there is a fifth swinger, identical to the other four, mounted horizontally with one end 
attached to the peak of a moveable A-frame, and the other end connected to the chaffer midway along 
its length, as shown in Figure 1. 
This A-frame can be pivoted about an axis that passes through the connection between the fifth 
swinger and the chaffer. The free end of the A-frame can be swung forward or rearward, effectively 
altering the arc of travel of the fifth swinger (Figure 2). 
Claas 
combine body 
Figure I: Parts diagram of Claas 3-D chaffer. Illustrates placement of main swingers and fifth 
swinger for side input on right side of combine body. (right half of chaffer shown) 
I Oscillate to right I 
Moveable 
A-frame 
I Center I Oscillate to left 
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Figure 2: Three orientations of the Claas moveable A-frame, viewed from above. When the A-
frame is moved in relation to the combine body, it changes the direction of the fifth swinger's arc of 
oscillation, forcing the chaffer into a sideways motion. 
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The A-frame is mounted to the right side of the machine, so for example, if the A-frame was 
swung forward, the chaffer would be pulled to the right through the course of its oscillation cycle. 
This is a simple way to impart side motion to the chaffer, but it has several limitations. First, side 
travel is limited to 8mm by the geometry, space in the combine body, and the fact that all side input is 
absorbed by the rubber bushings in the swingers. Second, forcing the rubber bushings to absorb all 
side input, rather than employing an actual pivot, increases power requirements to run the chaffer and 
could potentially compromise the life of the bushings. Third, the side input is added through one 
point, by pulling the chaffer over to the side. This has the effect of twisting the chaffer in the 
combine body because the motion is not completely controlled, and the chaffer can move any way it 
wants on the rubber mounted swingers, as long as the middle moves along the arc of travel of the fifth 
swinger. Finally, even at zero net side input, the chaffer still oscillates side to side in a rocking 
motion due to the arc of oscillation of the fifth swinger. 
Other slope insensitive concepts of note that have not made it into large-scale production 
machines include the vertical axis rotating screen, which essentially dumps the grain/MOG mixture 
onto a rotating cone that slings it out against a screen. As the material works its way out the bottom 
due to the effects of gravity and other methods such as vibration and axial oscillation, the grain passes 
through the screen centrifugally and is captured, while the MOG is discarded out the open bottom of 
the screen. Several variations on this theme exist, and Parks gives a good overview (Parks, 1974). 
The reasons this concept was not examined here include issues with material feeding and packaging 
within the STS combine architecture. 
Hamilton and Butson (1979) approached the problem of slope sensitivity with a novel air 
elutriation system that utilized the differing terminal velocities of crop materials to separate grain 
from foreign matter. His prototype machine delivered performance similar to a conventional 
combine, though it had trouble removing short straw sections. However, moving air in sufficient 
quantities to have capacity comparable to the STS would require copious amounts of power, and 
heavy, wet MOG such as seen in green grain sorghum would be nearly impossible to separate from 
the grain. 
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Famili and Srivastava (1981) developed a rotary centrifugal cleaning system that was co-axial 
with the threshing rotor. Half scale tests of both single stage and two stage systems were performed 
with wheat and MOG as the medium. The single stage system used centrifugal force coupled with an 
inward air flow through the screen perforations to prevent chaff from moving with the grain through 
the perforations. The two stage system additionally subjected the escaping grain/chaff mixture to a 
blast of air directed along the outer surface and perforations of the screen towards the rear of the 
combine. The study concluded that for both systems the most critical factors affecting performance 
were air flow and material flow rates. The two stage system performed considerably better, with 
higher cleaning efficiency, lower airflow requirements, and consequently lower power requirements. 
Finally, the two stage concept showed promise for practical application due to its high efficiency. 
KERNEL - CHAFFER INTERACTION MODELING 
An important first step towards improving the performance of cleaning shoes on slopes is 
simulating the interaction between the crop material and chaffer. The primary focus of other 
analytical studies has been on modeling the grain separation characteristics of combine cleaning 
systems, rather than the specific travel path the grain takes on the chaffer. Miu (2003) described a 
comprehensive stochastic model of the separation process over a combine cleaning shoe, including 
the vertical distribution of grain within the crop mat. Kutzbach (2003) provides a review of three 
different approaches to mathematically modeling the separation process: through exponential 
functions, a convection-diffusion model, and analytically describing the motion of a bulk amount of 
kernels. However, none of the literature reviewed deals with the behavior of grain on an oscillating 
chaffer when the combine encounters sloped ground. Hibbeler (1997) introduces the dynamics of 
round particle collisions and defines the coefficient of restitution as the ratio of the relative velocity 
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between objects after collision to the relative velocity between objects before collision. Yang and 
Schrock (1994) modeled the rebound motion of a single grain kernel that was dropped on a stationary 
plate tilted at various angles. They determined that the rebound motion of a kernel depended 
primarily on the particular structural properties and irregular shape of the kernel. 
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OBJECTIVES 
The primary objective of this study was to develop a combine cleaning shoe that provided level 
land performance on any slope the combine was capable of traversing. There were two main steps to 
achieving this goal. The first was to develop an analytical model that simulated the interaction 
between a corn kernel and chaffer in real time to guide development of a test stand. The second was 
to evaluate the effects of slope compensation on a cleaning shoe test stand. The specific objectives of 
the study were to: 
• Develop a Simulink model to simulate the motion of a single corn kernel on a chaffer 
oscillating in three dimensions. 
• Evaluate the effect of three dimensional chaffer motion and speed changes on the travel 
of the kernel over the chaffer as it is subjected to simulated sloping terrain. 
• Compare the model to the performance of a half width three dimensional combine 
cleaning shoe. 
• Make the model flexible enough to evaluate analytically any potential geometry changes 
to the chaffer. 
• Design and build a half width cleaning shoe test stand based upon the John Deere STS 
cleaning shoe. The test stand incorporated mechanisms to simulate sloping terrain up to 30% 
in any direction. 
• Evaluate the effectiveness of three dimensional shake, variable fan speed, and variable 
shake speed in providing level land performance of the cleaning shoe on slopes. 
• Develop a response surface model for clean corn to model the loss response to changes in 
any of its parameters. 
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ANALYTICAL MODEL DEVELOPMENT 
The basic goal of the analytical model was to simulate the motion of a generic grain kernel 
bouncing across a combine chaffer in order to determine if the concept of three dimensional shake 
coupled with variable shake speed had enough merit to build a test stand. Due to the general nature 
of the desired results, the model incorporated significant simplifications. The grain kernel was 
modeled as a sphere with a variable coefficient of restitution in each of the three component 
directions of X, Y, and Z. The combine chaffer was modeled as a flat steel plate, able to oscillate and 
tilt in any direction. The kernel was assumed to absorb all impact energy in its rebound from the 
plate, due to the massive differences in size, stiffness, and inertia between the kernel and plate. This 
assumption allowed the masses of the plate and kernel to drop out, reducing the complexity of 
calculations. The entire test run was modeled at the plate's steady state operating speed, without 
modeling transient conditions. The use of Simulink (Ver. 6.2, The Mathworks, Natick, MA) allowed 
the model to be broken down to its most basic elements, which eased the model building and 
troubleshooting process. The basic organization of the model is shown in Figure 3. 
Control Parameters 
• Shake Speed 
• Fan Speed 
• Side Jnput 
Operational Parameters 
• Longitudinal Slope 
• Transverse Slope 
Gravity 
• Transformed 
for ti It 
Chaffer Kinematics 
• Motion parameters of 
corners 
• lnterpolation of other points 
based on kernel position 
Kernel Motion 
• Rebound 
• Location 
• Trajectory 
Plots 
• Chaffer 
Kinematics 
• Kernel 
travel path 
Figure 3: Basic organization of analytical model. It details the inputs to the model and the basic 
flow of information through the model. 
Additional diagrams of the top level Simulink model and its subsystems are contained within 
Appendix A. The chaffer shake mechanism and its parts as they were modeled in Simulink are 
illustrated in Figure 4. 
Control Shaft 
Connecting Rod 
Rear Swinger 
Figure 4: Parts diagram for the chaffer mechanism simulated in the analytical model. (left half of 
chaffer shown) 
Three primary coordinate systems were used within the model. The first was a control shaft fixed 
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coordinate system, in which the Y axis was fixed with the control shaft axis, the Z axis was fixed with 
the swinger pivot axis, and the X axis was normal to the YZ plane (Figure 5). The angle yin Figure 5 
was defined as the angle through which the swinger oscillates, centered at 90°. The second was the 
global coordinate system, which in this model was defined to be fixed with the combine body. The 
third was the Newtonian coordinate system, which was defined to be fixed with the Earth. For the 
global coordinate system, the positive X direction is towards the rear of the chaffer, positive Y is up, 
and positive Z is to the left side of the combine, as viewed from the driver's seat. All coordinate 
systems have their origin set at the intersection of the control shaft and front swinger pivot axes. 
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Figure 5: Control shaft fixed coordinate system for front swinger in analytical model. 
All calculations within the model to determine the path of the kernel were carried out in the 
global coordinate system, while final display of that path was in the Newtonian coordinate system for 
ease of analysis. Figure 6 is a diagram of the transformations necessary to convert from the control 
shaft coordinate system to the global coordinate system. The angle fJ was defined as the inclination of 
the control shaft coordinate system's vertical axis Ye in relation to the global coordinate system's 
vertical Y axis. fJ is fixed at a value of 37° for the front swinger and 27° for the rear swinger. The 
angle () was defined as the angle of rotation about the control shaft axis of the control shaft coordinate 
system within the global coordinate system. ()may have any value within the range of ±45°. 
Within the control shaft coordinate system, the coordinates of the connecting rod attachment 
point of the front (driver) swinger, Pc, may be determined by the equations: 
Pcx = r, cosy 
PCY = -r, sin r 
Pcz =0 
(I) 
where r.1 is the distance from the swinger pivot to the point where the rod connecting the drive crank 
to the swinger attaches. Two axis transformations were then required to locate the swinger in the 
global coordinate system, using fJ and () . 
GkJba Y axis 
GlmalZaxis 
Figure 6: Axis transformations from control shaft fixed coordinate system to global coordinate 
system. 
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The resulting equations that provided the X, Y, and Z location of the connecting rod attachment 
point of the swinger, PG, within the global coordinate system are provided below: 
PGX = r, cos /3 cos e cos r - r, sin /3 sin r 
PGY = r, sin /3 cos e cos r - r, cos /3 sin r 
PGZ = r, sin Bcos r 
(2) 
However, before the above equations may be solved, the value of y must be determined. To 
this end, the equations to locate the point PG from the crank center were determined to be: 
PGx =X0 +rccos¢>+rcosa 
PGY = Y0 + re sin ¢> + r sin a 
PGz = Zo 
(3) 
where re is the crank throw, r is the length of the connecting rod, a is the angle of the connecting rod 
from horizontal in the global coordinate system, and X0, Y0, and Z0 compose the location of the crank 
center in relation to the origin of the global coordinate system. <J> is the rotational angle of the crank 
that drives the mechanism. Combining the X and Y equations from (2) and (3) above yielded the 
value of y for any position <J> of the crank. The coordinates of PG were calculated in real time by 
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Simulink using simultaneous solution of equations (2) and (3). The location of the point where the 
swinger attaches to the chaffer was then calculated by multiplying the coordinates of Pc by the ratio 
of the overall swinger length to r,. This ratio for the SITS was 0.280m:0.192m. 
A similar analysis was used to determine the position of the rear (follower) swinger in the global 
coordinate system, as shown in equations (4) and (5): 
and 
PFX = d cosfJcosBcosr-d sin /Jsin r+ Ox 
PFY = d sin /3 cosBcos y-d cos/Jsin r+ Oy 
p FZ = d sin B cos r 
PFx = Pcx +l 
PFY =Per + Oy 
PFZ = Pcz 
(4) 
(5) 
where Ox is the horizontal distance between front and rear swinger pivots, Or is the vertical distance, 
d is the length of the rear swinger, and l is the length of the chaffer between swinger attachment 
points. The chaffer was considered to be symmetrical in the Z direction. Therefore, all movement in 
the Z direction is identical at all points of the chaffer. The chaffer motion subsystem outputs the X, 
Y, and Z coordinates of the front and rear swinger ends in the global coordinate system, as well as the 
y angle of the swingers. 
Model parameters could then be varied to investigate the effects of changes in shake geometry 
on predicted kernel motion. This allowed the evaluation of potential problems with any proposed 
design. The variable shake geometry contributes to the overall flexibility of the model to show what 
is possible and realistic before going through the expense of prototyping and troubleshooting 
subsequent breakage. 
The next step in the model was to determine the velocity and acceleration of the point of the 
chaffer directly below the grain kernel. To do this, the front and rear positions of the swinger ends 
were differentiated twice with respect to time to obtain first their velocities, then their accelerations. 
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The position, velocity, and acceleration at any point between the swingers were then determined by 
linear interpolation based on the X position of the bouncing kernel. The chaffer was considered to be 
symmetrical in the Z direction, so no interpolation of the velocity and acceleration based on the Z 
position of the kernel was needed. 
In order to track the interaction of the kernel with the chaffer, the locations of both must be 
calculated simultaneously in all three planes. The kernel was dropped from the coordinate of (0.3, 0, 
0), which was at the middle of the chaffer transversely, and slightly rearward of and at the same 
height as the front swinger pivot. Accelerated feeding could be simulated by imparting an initial 
velocity to the kernel in the X and/or Y directions. Depending on the slope, gravity could act on the 
kernel in any of the three global planes. The height of the kernel above the chaffer as it moved 
through its trajectory was computed at each time step by Simulink. When the difference in height 
crossed zero, an impact was signaled. The magnitude and direction of the kernel's travel after the 
impact was determined in each of the three global planes by the chaffer and kernel's relative 
component velocities at impact. The post impact velocity components were found by the following 
rebound equation: 
(7) 
where Ve is the X, Y, or Z component velocity of the chaffer, Vkl is the component velocity of 
the kernel before impact, Vk2 is the component velocity of the kernel after impact, and Re is the 
component coefficient of restitution. After the kernel was bounced, its new trajectory was calculated 
based on its new initial launch velocity and subsequent accelerations due to gravity. Jn order to 
greatly simplify the calculations, the decision was made to conceptually tilt gravity in the model to 
provide the effect of sloping ground. Since the global coordinate system of the model was fixed with 
the combine body, gravity amounted to a simple vector force felt by both the chaffer and the kernel. 
The equations to transform gravity from the Newtonian coordinate system to the global coordinate 
system are shown below: 
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Gcx = Gcos(rp) 
Gey= Gsin(rp)sin(!f) 
Gcz = Gcos(rp) 
(6) 
where G is the magnitude of the acceleration of gravity, cp and 'JI are the longitudinal and transverse 
angles of tilt in degrees, respectively, and Cc is gravity in the global coordinate system. The impact 
and rebound process was then repeated until the end of the run. 
In order to improve the visualization of the final display of the kernel's travel path, its travel 
coordinates were transformed to the Newtonian coordinate system. The transformation equations are 
shown below: 
XN =xcos(-rp)-ysin(-rp) 
YN = (x sin( -rp) - y cos(-rp)) cos(-!f) + z sin( -If) 
ZN= (xsin(-rp)- ycos(-rp))sin(-!f)- zcos(-lf) 
where XN, YN, and ZN are the Newtonian coordinates, x, y, and z are the global coordinates, <pis the 
longitudinal tilt angle, and If/ is the transverse tilt angle. 
Due to the nature of mathematical models, the chaffer always began at a certain point in its 
oscillation, and the kernel was always released at a set point in time. Therefore, for every run, the 
(8) 
kernel had its initial impact at the same point of the chaffer's stroke. To ensure that effects seen were 
not due to the travel path initiated by the location of that initial impact, a phase adjustment of the 
crank was incorporated to allow starting the simulation at any point in the chaffer's stroke. 
Under certain settings, the kernel would not continue to bounce to the end of the chaffer. At a 
given point, it did not bounce, but would instead apparently get lost and fall out the bottom of the 
plot. This was because the relative velocities of the kernel and chaffer were such that in real life the 
kernel would not bounce, but would instead either ride on the chaffer surface or fall through one of 
the perforations. In the model, this resulted in a condition that the kernel's Y velocity was not higher 
than the chaffer's Y velocity after impact. The kernel then did not obtain a Y position higher than the 
chaffer Y position, and hence did not have another zero crossing. Without a zero crossing, gravity 
continued to act on the kernel unimpeded and the kernel fell out the bottom of the plot. This is not 
necessarily a problem, so long as the reason for the falling kernel is recognized. 
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There was no accounting for slippage of the kernel on the chaffer within the model. Slippage is 
the condition where the kernel slides on the chaffer surface during its impact before it lifts back off 
again. The effects of slippage were partially accounted for by lowering the component coefficients of 
restitution so that the kernel path more closely matched high speed video footage. However, slippage 
is much more complex than that, and could not be considered without using a momentum based 
impact model, further complicating the computations. 
The model did not include any effects of airflow on the kernel. Airflow has a significant effect 
on the travel of a grain kernel across a chaffer, but was beyond the scope of this study. However, if 
needed in the future this feature could be integrated in the model. 
The model was first tuned by comparison with high speed video footage of an actual corn kernel 
bouncing on a standard chaffer in level and transverse slope conditions. The component coefficients 
of restitution (Re) were adjusted to match the simulated kernel bounce to the high speed video 
footage. The X and Y coefficients were set to 0.35, while the Z coefficient was set to 0.1 since the 
slippage appeared to be more of an issue in the Z direction. The model was run for the same slopes 
that the SITS was to be operated at, to provide a comparison of the model's 3D compensation to the 
action of the SITS. Appendix B contains screen shots of the model runs described below. 
On the transverse slope only test, at a slope of 10 degrees, the model showed a side input of 
9mm was required for the kernel to track down the center of the chaffer. On the longitudinal slope 
only test, at a slope of 5 degrees uphill, the model was able to regain level land travel from a 
slowdown of the mechanism to 250rpm. However, it could be argued whether or not there was a real 
need for uphill compensation at all based on the model results. The model showed minimal response 
to longitudinal slopes. The most likely reason for this was the lack of accounting for MOG and 
kernel interaction in the model. For a combined 10° transverse and 5° longitudinal uphill slope, the 
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model had to increase side input to 1 Omm in addition to the drop to 250rpm in order to achieve level 
land travel. Downhill slopes did not require compensation within the model. 
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SLOPE INSENSITIVE TEST STAND DEVELOPMENT 
The Slope Insensitive Test Stand (SITS) was designed and built with an eye towards 
manufacturability and serviceability, using as many production STS parts as possible and realistic 
mechanisms that could be adapted to a full combine with minimal modification. The ranges of the 
operating parameters built into the SITS were determined in part by the analytical model. Since it 
was known that the model underestimated the necessary side input to compensate for transverse 
slopes due to lack of slippage and airflow in the model, the amount of side input built into the SITS 
was expanded. Therefore, it was estimated that 50mm of total side input was potentially needed to 
compensate for 10° transverse slopes, and that the shake speed required a range of 250 to 350 rpm to 
compensate for longitudinal slopes up to 10° uphill or downhill. 
The test stand consisted of a production John Deere 9760 STS cleaning shoe that had been 
narrowed to two bays wide, rather than the four bays used in production machines. The fan and fan 
housing was left slightly wider to allow clearance for the side input to the chaffer to operate in the 
frame. The cleaning shoe was narrowed for two reasons: to halve the needed quantities of grain for 
each test run, and to allow for a more compact test apparatus. The shoe shake mechanism and fan 
were powered by 3hp and lOhp electric motors, respectively. Both motors were controlled by 
variable frequency drives to provide infinite motor speed adjustment. The side input was controlled 
by a manually adjusted turnbuckle to allow fine adjustment and repeatability. The entire cleaning 
shoe assembly was mounted on a hydraulic tilt frame that allowed slope simulation of up to 17° in 
any direction, with detents at 0° and± 5°, 10°, 15°, or 17°. The tilt frame sits on turf tires to allow for 
absorption of the forces generated by the shoe shake, and to allow limited mobility. Figure 7 
illustrates the layout of the complete test apparatus, and Figure 8 shows the SITS in its extreme 
positions. 
Grain 
Loss Bin 
Feed 
Conveyor 
Clean I 
Grain Bin j 
Figure 7: Layout of complete SITS apparatus. A close-up view of the swingers suspending the 
chaffer may be seen in Figures 4, 5, and 6. 
Crop material was fed to the test stand by an elevated conveyor. This conveyor was a 
production draper header floor section mounted to a supplemental framework and driven with a 
20 
variable speed hydraulic drive. The width of the conveyor was separated into two sections by flexible 
foam strips to ensure that both bays of the cleaning shoe were fed equally. Nearly any feedrate could 
be achieved by varying the speed and the amount of material on the conveyor. 
DAT A ACQUISITION SYSTEM SETUP 
All parameters of the SITS were monitored during operation by a custom built and programmed 
data acquisition system. The parameters measured were transverse slope, longitudinal slope, side 
input, conveyor speed, fan speed, and shake speed. 
Figure 8: Extreme positions of SITS. Clockwise from top left is 17° uphill and 17° transverse, 17° 
downhill and 17° transverse, level land. 
The interface between the sensors and the computer consisted of a custom built DAQ (Data 
Acquisition) board incorporating voltage regulation, three latched counters, and connections for all 
six sensors. The DAQ board was controlled by a Measurement Computing PMD- I 208LS, which 
provided a USB connection to the computer. Transverse slope, longitudinal slope, and side input 
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were determined through the use of rotary potentiometers, whose variable resistances were converted 
to proper units by calibration curves. All speeds were read by Hall Effect sensors. The software 
interface was a Visual Basic program within Excel (Microsoft, Redmond, WA). It consisted of 
displays for all SITS parameters and test run configuration details, as well as calibration subroutines 
for the potentiometers. Other various functions of the interface included the ability to input collected 
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clean grain, tailings, and loss amounts from each test run. It also incorporated a save feature that 
saved all run data to a comma delineated text file as well as run summaries to a separate Excel 
spreadsheet, a check function to verify settings before a run, and a file retrieval routine to bring up the 
complete dataset from any previously saved run. The runs were organized by grid number and by run 
number. Each grid corresponded to a related series of tests. For example, all baseline runs to set up 
the SITS and determine a baseline loss curve would be contained within one grid, while all the runs 
from a single design of experiments would make up another. The separate run summary spreadsheet 
was organized so that each grid had its own worksheet. Within each grid all configuration data and 
results for each run were displayed. In this way, one could more quickly sift through massive 
amounts of run data to find a particular run configuration. 
VIDEO USE 
A digital video camcorder was utilized to provide video documentation of every test run. It was 
not attached to the SITS due to vibration considerations, but was moved to attempt to provide 
essentially the same view of the chaffer surface for every run. The video was collected to analyze the 
distribution of corn on the chaffer throughout each test run. In this way it was possible to visually 
ascertain the effectiveness of the slope compensation methods. The visual analysis could then be 
compared to the numerical grain loss data to get an idea of how grain distribution was related to loss. 
The videos were recorded on digital video tape, then transferred to computer, where they were edited 
to remove all unnecessary startup and shutdown footage, then cataloged by grid and run number and 
stored for later analysis. 
BASIC RUN SEQUENCE 
Depending on the number of configuration changes and feedrate, a typical 10 second test run 
required 20-45 minutes to complete. Each run began by setting and verifying all test parameters 
using the check function in the interface. A known mass of corn was then distributed evenly on top 
of the conveyor in two equal streams. The video equipment setup was checked and the recorder 
started. Finally, the mechanisms were started and the grain was run across the stand. After 
completion of the run, the contents of the collection bins for clean grain, tailings, and loss were 
weighed and emptied, the data was recorded, and the process was repeated for the next run. 
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EXPERIMENTAL METHOD 
Being an initial study into the response characteristics of the SITS in a confined lab setting, the 
decision was made to learn as much as possible utilizing clean corn first. MOG is such an 
inconsistent medium, varying widely even within a single field pass, that for an initial lab study it 
would have made the results suspect. Clean corn is a consistent, repeatable medium with which to 
develop a base response surface that may be converted to a control surface and fine tuned by feedback 
for the addition of MOG. 
BASELINE ESTABLISHMENT AND PROOF OF CONCEPT 
The first task was to establish baseline performance settings for the SITS that were equivalent to 
the production STS combine on level land. Since the SITS is half the width of the production 
combine, an air profile had to be performed to determine equivalent fan speeds and ensure that the air 
distribution through the chaffer was also equivalent to that of the production combine. An air profile 
consists of airspeed measurements taken at specific reference points on the surface of the chaffer 
element at different fan speeds. The airspeed measurements are then compiled to produce an air 
distribution map which may be examined for dead spots and uneven distribution, as well as allowing 
comparison of different air distribution configurations. 
After establishing equivalent airflow, chaffer and sieve openings had to be set to provide 
production equivalent loss and tailings curves for corn. Since the production cleaning shoe was 
designed to handle a mixture of grain and MOG, achieving measurable Joss levels with clean corn 
proved to be a challenge. Feedrates used were 10, 20, 30, 40, and 50 tons per hour for the 2 bay 
SITS, equivalent to 20, 40, 60, 80, and I 00 ton per hour feedrates on the 4 bay production STS shoe. 
The runs used to develop baseline curves were performed on level land, with production shake speed 
and no side input. 
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After establishing the baseline settings, a series of proof of concept runs were performed at 
selected settings to verify that the three dimensional shake coupled with variable fan speed and shake 
speed could actually provide a measure of slope insensitivity. These runs also provided data to verify 
and update the single kernel analytical model used to design the SITS. The runs were performed on 
transverse and longitudinal uphill slopes as well as combination slopes both with and without 
compensation. Downhill slopes were not evaluated at this stage because they were not considered to 
be a significant performance issue. 
DESIGN OF EXPERIMENTS 
The SITS incorporated six variable parameters in its design, of which three were considered 
environmental, and three were considered control. Environmental factors were defined as conditions 
encountered by the combine that were not controlled in the field. Control parameters were defined as 
combine operating parameters that were adjusted to compensate for variations in the environmental 
factors. The environmental factors were feedrate, longitudinal slope, and transverse slope. The 
control parameters were fan speed, shake speed, and side input. Due to the fact that six parameters 
were incorporated in characterizing the response of this system, a full factorial design involved a 
prohibitive number of test runs. All three designs of experiments performed were designed through 
extensive collaboration with two statisticians, Drs. Morris and Dixon (2005). The initial two Design 
of Experiments (DOE) test series were each a central composite design, consisting of 54 runs divided 
into 3 blocks of 18 runs. The blocks provided an opportunity to verify settings, do any maintenance 
required, and change out corn. The central composite design (CCD) was chosen for its ability to 
provide a second order response surface of the entire six factor system. A CCD obtains a response 
surface without the number of tests of a full factorial design by using specific key configurations to 
define the corners of the operating envelope, as well as axial points that define the response to the 
extreme values of each factor individually. The CCD then uses several replications of the central 
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values at the middle of the operating range to round out the design. The points are then connected to 
define the shape of a quadratic response surface. The second order response model was chosen 
because it had the capability to provide a reasonable model for the physical system and be converted 
into a control surface that would provide the optimum settings for the cleaning shoe in response to 
any environmental conditions. The CCD used in the first two DOEs is shown in table 1. 
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Table 1: Central composite design used in first two DOEs. Values are coded values, with 0 representing 
the center point, ±1 representing the corner points, and ±2 representing the axial points. 
Central Com~osite Desi9n 
Feed rate Longitudinal Fan Shake Transverse Side Slope Speed Speed Slope Input 
+1 +1 +1 +1 +1 +1 
-1 -1 +1 +1 +1 +1 
-1 +1 -1 +1 +1 +1 
-1 +1 +1 -1 +1 +1 
-1 +1 +1 +1 -1 +1 
-1 +1 +1 +1 +1 -1 
+1 -1 -1 +1 +1 +1 
+1 -1 +1 -1 +1 +1 
+1 -1 +1 +1 -1 +1 
+1 -1 +1 +1 +1 -1 
+1 +1 -1 -1 +1 +1 
+1 +1 -1 +1 -1 +1 
+1 +1 -1 +1 +1 -1 
+1 +1 +1 -1 -1 +1 
+1 +1 +1 -1 +1 -1 
+1 +1 +1 +1 -1 -1 
+1 +1 -1 -1 -1 -1 
+1 -1 +1 -1 -1 -1 
+1 -1 -1 +1 -1 -1 
+1 -1 -1 -1 +1 -1 
+1 -1 -1 -1 -1 +1 
-1 +1 +1 -1 -1 -1 
-1 +1 -1 +1 -1 -1 
-1 +1 -1 -1 +1 -1 
-1 +1 -1 -1 -1 +1 
-1 -1 +1 +1 -1 -1 
-1 -1 +1 -1 +1 -1 
-1 -1 +1 -1 -1 +1 
-1 -1 -1 +1 +1 -1 
-1 -1 -1 +1 -1 +1 
-1 -1 -1 -1 +1 +1 
-1 -1 -1 -1 -1 -1 
0 0 0 0 0 0 
0 0 0 0 0 0 
+2 0 0 0 0 0 
-2 0 0 0 0 0 
0 +2 0 0 0 0 
0 -2 0 0 0 0 
0 0 +2 0 0 0 
0 0 -2 0 0 0 
0 0 0 +2 0 0 
0 0 0 -2 0 0 
0 0 0 0 +2 0 
0 0 0 0 -2 0 
0 0 0 0 0 +2 
0 0 0 0 0 -2 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
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The values in table 1 are coded values, with 0 representing the center point, ± 1 representing the 
corner points, and ±2 representing the axial points. The values of the slopes corresponding to the 
coded values of -2, -1, 0, 1, 2 were -15°, -10°, 0, 10°, and 15° respectively. Transverse slopes were 
considered positive to the left, while longitudinal slopes were positive uphill. The values of feedrate 
for the same coded values in order were 10, 16.67, 30, 43 .33, and 50 tons per hour. Fan speed was set 
at 750, 800, 900, 1000, and 1050 rpm. Shake speed had the values of 250, 267, 300, 333, and 350 
rpm. Finally, the range of side input was -45, -30, 0, 30, and 45 mm. Negative side input was 
directed to the left, which was considered the proper direction of compensation for transverse slopes 
to the right. The central values of the CCD were set to correspond with the middle feedrate and 
baseline settings of the SITS. 
The statistical model for a CCD is shown below: 
6 6 5 6 
Losso/o = flo + L /J;x; + L /J;;X;2 + L L {Jijxix.i + £ (7) 
i = I i= I i = I J= i+ I 
where the /J's are the factor coefficients whose values were to be determined experimentally, the x's 
are the values of the factors that contribute to the model, and £ is the random error term. The 
interactions assumed to be significant are listed below: 
• Longitudinal slope*fan speed 
• Longitudinal slope*shake speed 
• Transverse slope*side input 
• Feedrate*fan speed 
• Feedrate*shake speed 
• Fan speed*shake speed 
It may be observed that there are no interactions between fan speed or shake speed and transverse 
slope, or side input and longitudinal slope listed. This is due to the fact that side input only acts to 
shuffle material transversely, and does not influence material travel longitudinally. Conversely, fan 
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speed and shake speed only influence the speed of conveyance of crop material longitudinally on the 
shoe without affecting transverse distribution. These assumptions were confirmed experimentally. 
However, with further analysis, it was discovered that symmetry played a significant role in 
response to side input and transverse slope. The loss behavior of the SITS was determined to be the 
same whether tilted to the left or to the right, though the same did not hold true for the level of 
compensation provided by side input in response to transverse slopes. Two different modes of 
operation were observed dependent on whether the direction of side input was the same or counter to 
the direction of transverse slope. The determination was that proper compensation occurred only 
when the direction of side input was set to be counter to the direction of transverse slope. 
The third DOE test series was a modified central composite design (MCCD) which took 
advantage of the transverse symmetry of the SITS to place more runs within the range of conditions 
that make up the bulk of the typical operating envelope for a combine. This is based on the 
hypothesis that the magnitude of side input required to compensate for a given transverse slope was 
identical irrespective of the direction of tilt. Therefore it was decided to maintain all combinations of 
transverse slope and side input in the first quadrant. The use of only one quadrant of operation 
achieved two things. It avoided side inputs in the same direction as the transverse slope (incorrect 
control direction), and it distributed test runs realistically throughout the operating envelope. The 
modified central composite design used in the final DOE is shown in table 2. 
The values in table 2 are coded values, with 0 representing the center point, ±1 representing the 
corner points, and ±2 representing the axial points for the first 4 parameters. 1 represented the center 
points, while 0 and 2 represented the corner/axial points for the transverse slope and side input. The 
values of the transverse slopes corresponding to the coded values of 0, 1, and 2 were 0°, 5°, and 10° 
respectively. The values of the longitudinal slopes corresponding to the coded values of -2, -1, 0, l , 
and 2 were -10°, -5°, 0°, and 5°, with the 5° slope repeated for the uphill axial value due to concerns 
about physical orientation of the chaffer louvers at steeper uphill settings. 
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Table 2: Modified central composite design used in final DOE. Values are coded values, with 0 
representing the center point, ±1 representing the corner points, and ±2 representing the axial points for 
the first 4 parameters. l represented the center points, while 0 and 2 represented the corner/axial points 
for the final two parameters. 
Modified Central Composite Design 
Feed rate Longitudinal Fan Shake Transverse Side Slope Speed Speed Slope Input 
+1 +1 +1 +1 +2 +2 
-1 -1 +1 +1 +2 +2 
-1 +1 -1 +1 +2 +2 
-1 +1 +1 -1 +2 +2 
-1 +1 +1 +1 0 +2 
-1 +1 +1 +1 +2 0 
+1 -1 -1 +1 +2 +2 
+1 -1 +1 -1 +2 +2 
+1 -1 +1 +1 0 +2 
+1 -1 +1 +1 +2 0 
+1 +1 -1 -1 +2 +2 
+1 +1 -1 +1 0 +2 
+1 +1 -1 +1 +2 0 
+1 +1 +1 -1 0 +2 
+1 +1 +1 -1 +2 0 
+1 +1 +1 +1 0 0 
+1 +1 -1 -1 0 0 
+1 -1 +1 -1 0 0 
+1 -1 -1 +1 0 0 
+1 -1 -1 -1 +2 0 
+1 -1 -1 -1 0 +2 
-1 +1 +1 -1 0 0 
-1 +1 -1 +1 0 0 
-1 +1 -1 -1 +2 0 
-1 +1 -1 -1 0 +2 
-1 -1 +1 +1 0 0 
-1 -1 +1 -1 +2 0 
-1 -1 +1 -1 0 +2 
-1 -1 -1 +1 +2 0 
-1 -1 -1 +1 0 +2 
-1 -1 -1 -1 +2 +2 
-1 -1 -1 -1 0 0 
0 0 0 0 +1 +1 
0 0 0 0 +1 +1 
+2 0 0 0 +1 +1 
-2 0 0 0 +1 +1 
0 +2 0 0 +1 +1 
0 -2 0 0 +1 +1 
0 0 +2 0 +1 +1 
0 0 -2 0 +1 +1 
0 0 0 +2 +1 +1 
0 0 0 -2 +1 +1 
0 0 0 0 +2 +1 
0 0 0 0 0 +1 
0 0 0 0 +1 +2 
0 0 0 0 +1 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
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The values of feedrate for the same coded values in order were 10, 20, 30, and 40 tons per hour. 
The 40 ton feedrate was repeated for the maximum axial value due to concerns about realistic 
maximum capacity with the required chaffer opening. 
Fan speed was set at 600, 675, 750, 825, and 900 rpm. Shake speed had the values of 250, 275, 
300, 325, and 350 rpm. Finally, the range of side input was 0, 15, and 30 mm. The central values of 
the final DOE were set to correspond with the middle feedrate and baseline settings of the SITS, with 
the exception of the transverse slope and side input. The transverse slope (x5) and side input (x6) were 
treated differently than the other four factors specifically due to symmetry. 
The statistical model for the MCCD in the third DOE was: 
6 6 3 4 
Losso/o = /30 + L /3;X; + L /3;;X;2 + L L /3ijxix j + /356x5x6 + /3 466x4x; + £ (8) 
i= I i = I i=I j = i+I 
This model provided a better estimate of the important factor and interaction coefficients with a lower 
error of estimation for the coefficients. This was because the model took advantage of the inherent 
transverse symmetry of the SITS. The interactions between transverse slope or side input and the 
other four factors were known to be insignificant and were removed while an additional term relating 
shake speed to side input was added (~466). It was thought that shake speed and side input interacted 
due to the mechanical characteristics of the swinger mechanism that produced the side input. The 
addition of side input increased the acceleration of the chaffer since the chaffer must move a further 
distance while cycling at the same speed. Also, changes in shake speed affected the acceleration of 
the chaffer. Therefore, if it was desirable to maintain chaffer acceleration regardless of side input, 
shake speed must be adjusted concurrently. 
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RESULTS AND DISCUSSION 
BASELINE ESTABLISHMENT AND PROOF OF CONCEPT 
In establishing baseline settings significant effort went into making the performance of the SITS 
equivalent to that of a production combine. Since the SITS was narrower than a 9760 STS, the fan 
was more efficient, generating equivalent air velocities at a lower speed. Thus, the first step was to 
run air profiles to determine equivalent fan speed (Figure 9). Initially, 900 rpm was thought to be the 
equivalent baseline fan speed for corn on the SITS, and was used in the first two DOEs. However, 
after issues with transient blow-over became apparent, the air profiles were re-examined and after 
some verification runs, baseline fan speed was reset to 750 rpm. 
Once production equivalent airflow was established, baseline loss curves on level land that were 
realistic when compared to loss expected from a standard STS were developed (Figure 10). 
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Figure 9: Comparison of SITS air profile to production 60 Series STS combine air profile. The 
dashed lines are to determine SITS fan speed for production equivalent airflow. 
33 
4 16 
-+-DOE 1 
--DoE3 
3.5 
- • · DOE 2 14 
C'? 
1J 3 12 
c N ca 
,.. w 
w 2.5 10 0 
0 0 
0 .-::. ~ 0 
7 2 8 -I/) 
-
I/) 
I/) 0 
I/) 
• 
_J 
0 1.5 6 c _J \ 
c \ .. ca ... 
'iii \ I (!) 
... I (!) / 4 
/ 
/ 
0.5 
_ .. 2 
0 0 
0 10 20 30 40 50 60 
Feedrate (Ton/Hr) 
Figure 10: Baseline loss curves for each set of experiments on level terrain. 
Development of the baseline loss curves proved to be a challenge for two reasons. First, the use 
of clean corn without MOG on a cleaning shoe designed for a mixed load made it difficult to have 
any measurable loss. Second, due to the fact that a range of 56 to 278lbs of corn was used in each 10 
second test run, depending on feedrate, reasonable loss levels involved less than I lb of corn. The 
small quantity of corn made transient blow-over during startup and shut down a real concern. 
Transient blow-over was defined as the condition where excessive corn is blown off the back of the 
chaffer as the corn fills the machine at the beginning and empties out at the end of each run. The 
baseline loss levels of the SITS were adjusted for each DOE using changes in chaffer opening and fan 
speed. 
Several proof of concept runs were performed to verify the predictions of the analytical model 
that side input, variable fan speed, and variable shake speed were effective in compensating for 
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sloped terrain. Runs were performed at feedrates of 30, 40, and 50 tons per hour, which corresponds 
to the range most likely to be operated within in the field. The transverse slope runs were carried out 
at a slope of 10° with and without 25mm of side input (Figure 11 ). 
0.9 
0.8 
0.7 
-
0.6 
;R 0 
-
"' 
0.5 
"' 0 
....I 
c: 0.4 
cu 
... 
(.!) 
0.3 
0.2 
0.1 
0 
0 10 
~Baseline level land 
-9- 1 O deg sidehill, no 
compensation 
--.- 10 deg sidehill, 25mm side 
in ut 
20 30 40 
Feedrate (Ton/Hr) 
50 60 
Figure 11: Proof of concept loss curves for transverse slope only. The compensated and 
uncompensated runs were only performed at the upper three feedrates as they were within the more 
common operating range. 
As can be seen in Figure 11, at the 30 ton feedrate, there was no observed advantage to compensation 
on the transverse slope. The proof of concept runs were carried out at the settings for the first DOE, 
which was later determined to have issues with transient conditions. It was observed from the video 
footage that during the steady state phase of each run, no more than a few kernels were lost, with or 
without compensation. However, the transient blow-over did take up a larger portion of the run than 
on level land. This transient blow-over made up the majority of the loss seen in the plot at the 30 ton 
feedrate. The longitudinal slope runs were set at 5° uphill, with baseline fan and shake speed (900 
and 300), and reduced fan and shake speed (850 and 250, Figure 12). The final proof of concept runs 
combined the transverse and longitudinal slopes (Figure 13). 
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Figure 12: Proof of concept loss curves for longitudinal uphill slope only. The compensated and 
uncompensated runs were only performed at the upper three feedrates as they were within the more 
common operating range. 
9 ~------------------,-----------------, ~Baseline level land 
8 
7 
--9- 5 deg uphill, 1 O deg sidehill , no 
compensation 
_...... 5 deg uphill , 10 deg sidehill , 250rpm 
shake, 775 m fan, 36mm side in ut 
-- 6 -+- ---------------------,,.~-------------< 
~ 
:z 5 
0 
_. 
c 4 -!----------~---------------------~ 
"iti 
,_ 
(!) 
3 -J- ----
2 -i-----
0 10 20 30 40 50 60 
Feedrate (Ton/Hr) 
Figure 13: Proof of concept loss curves for a combined slope. The compensated and uncompensated 
runs were only performed at the upper three feedrates as they were within the more common 
operating range. 
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The uncompensated combined slope runs maintained baseline settings of zero side input, 300 shake, 
and 900 fan, while the compensated runs used 250rpm shake speed, 775rpm fan speed, and 36mm of 
side input. The side input had to be increased for combined slopes due to the lower acceleration from 
the lower shake speed. 
Figures 14, 15, and 16 are composite pictures comparing the grain distribution for a 50 ton 
feedrate between baseline (level land) and sloped terrain with and without compensation. In each 
figure, the left picture is the uncompensated sloped terrain, the center picture is the baseline shot, and 
the right picture is the compensated sloped terrain. As can be seen in each figure, the use of 
compensation makes a dramatic difference in the distribution of corn on the chaffer. The only 
configuration that did not achieve perfect level land distribution was the combined I 0° transverse/5° 
longitudinal uphill slope. Even though the side to side distribution was not perfect with 
compensation, it was adequate to bring loss levels back to baseline, and was dramatically better than 
no compensation. 
Figure 14: Comparison of corn distribution on the chaffer for level tests (center) and 10° transverse 
slope tests, both uncompensated (left) and compensated (right) for a 50 ton feedrate. The camera 
was tilted with the SITS to maintain the same perspective. 
37 
Figure 15: Comparison of corn distribution on the chaffer for level tests (center) and 5° longitudinal 
uphill slope tests, both uncompensated (left) and compensated (right) for a 50 ton feedrate. The 
camera was tilted with the SITS to maintain the same perspective. 
Figure 16: Comparison of corn distribution on the chaffer for level tests (center) and combined 10° 
transverse/5° uphill slope tests, both uncompensated (left) and compensated (right) for a 50 ton 
feedrate. The camera was tilted with the SITS to maintain the same perspective. 
DESIGN OF EXPERIMENTS 
Table 3 details the different baseline settings as well as their respective ranges of operation for 
each DOE. A particular difficulty was achieving production equivalent baseline losses without 
incurring excessive transient blow-over that would skew the loss measurements. The chaffer had to 
be closed so much to achieve equivalent loss without MOG that it created problems at extreme slopes 
38 
due purely to the small chaffer opening. At extreme uphill positions the chaffer openings were 
shielded by the angle of the louvers, resulting in much higher uncompensated losses than could be 
realistically expected from a production combine operating at the same slope. The final DOE utilized 
a mid-range chaffer opening with reduced fan speed to achieve equivalent loss without transient 
issues. However, those settings resulted in an effective maximum feedrate of 40 tons per hour, and a 
limit to 5° uphill due to the louver shielding mentioned above. 
Table 3: Range of settings for designs of experiments. The settings were derived from a series of 
preliminary runs used to determine approximate required compensation settings. 
DOE! DOE2 DOE3 
Baseline Range Baseline Range Baseline Range 
Chaffer Opening 9.5 NIA 4.5 NIA 6.0 NIA 
(mm) 
Feedrate (ton/hr) 30 IO, 16.67. 30, 30 10, 16.67, 30, 30 10, 20,30,40 
43.33, 50 43.33, 50 
Longitudinal Slope 0 -15 , -IO, 0, IO, 0 -15 , -IO, 0, IO, 0 -10, -5. o. 5 
(deg, positive uphill) 15 15 
Fan Speed (rpm) 900 750, 800, 900, 900 750, 800, 900, 750 600, 675 , 750, 
1000, 1050 1000, 1050 825 , 900 
Shake Speed (rpm) 300 250, 267, 300, 300 250, 267, 300, 300 250, 275, 300, 
333,350 333,350 325 . 350 
Transverse Slope 0 -15, - IO, 0, 10, 0 -15. -10, 0, IO, 0 0, 5, 10 
(deg, positive left) 15 15 
Side Input (mm) 0 -45, -30, 0, 30, 0 -45, -30, o. 30, 0 0, 15 , 30 
45 45 
In analyzing the first DOE, several difficulties were encountered. Though the baseline loss was 
in line with that seen from a production combine, the videos revealed that for all configurations, 
nearly all measured loss consisted of corn blown over at the beginning and end of the test run. This 
indicated that transient conditions were dominating the measured Joss response of the SITS. 
The results of the statistical analysis showed that the linear control factors in the model were 
insignificant, contradicting original expectations stemming from the proof of concept runs. However, 
further review of the statistical analysis with Drs. Morris and Dixon (2005) revealed that this was 
actually correct, due to the symmetry within the SITS. 
The second DOE attempted to minimize the effect of transient conditions by utilizing a higher 
baseline loss curve. Higher baseline loss was accomplished by further closing the chaffer opening. It 
was assumed that the resulting response surface would be a simple offset from the loss level of a 
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production combine. However, it was observed that the effect of slope on grain loss was amplified by 
the narrower chaffer opening, resulting in a steeper increase in losses with increases in slope than was 
realistic . Again, the linear terms for side input were insignificant. Two confounding factors are 
responsible for this: multiple modes of operation due to direction of side input, and the effects of 
symmetry on the estimation of model parameters. There were two different modes of operation for 
the side input. For example, if the direction of side input is such that it throws grain to the right while 
the machine is tilted to the left, which is considered the correct way, the grain is distributed towards 
the uphill side as it is thrown upward and rearward by the shake motion. If instead the side input is 
also to the left, the grain is still redistributed, though to a lesser extent. This is because the chaffer 
pushes the grain towards the uphill side as it returns to the down and forward position, which has no 
throwing action associated with it. Though both of these modes of operation manage to compensate 
for transverse slopes, the first one is much more effective. However, the CCD does not distinguish 
between them. Further analysis with the statisticians additionally revealed that the majority of runs in 
the first two DOEs were at the extreme edge of the realistic operating range, with no moderately 
placed runs. 
The second confounding factor, symmetry, prompted development of the MCCD. An in depth 
analysis of the statistical model proved that when the presence of transverse symmetry was 
considered, the linear coefficients in equation (7) for transverse slope and side input, as well as any 
interaction coefficient between transverse slope or side input and one of the other four parameters 
must be zero by definition and could therefore be removed from the model. 
The final DOE test series utilized the transverse symmetry of the SITS to concentrate more runs 
within the area of the operating envelope that combines typically operate. The symmetry allowed the 
transverse slope to be limited to the range of 0 to 10° to the left, with an accompanying side input 
range of 0 to 30 millimeters . The longitudinal slope was limited to 5° uphill due to the angle of the 
louvers on the chaffer. At the level setting, the chaffer louvers made an angle of 11 ° from horizontal 
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at the desired opening. As a result, at a longitudinal slope of 10° uphill, the chaffer louvers were 
essentially horizontal and acted to shield the chaffer openings. This resulted in a jump to 25.5% loss 
at 10° uphill from 2.2% loss at 5° uphill with a 30ton feedrate. The downhill limit remained at 10° 
due to the fact that the angle of the chaffer louvers did not shield the chaffer openings during 
downhill travel. 
A full quadratic model would have involved 28 parameters to account for all factors and 
interactions. A reduced model developed in conjunction with Drs. Morris and Dixon (2005) that 
contained 17 parameters fit nearly as well, with a R2 value of 95.85% compared to 96.76% for the full 
model. Due to the non-normal residuals of the loss data, a log-transform was performed on the grain 
loss before fitting the model. This is not an issue for control, since minimizing log(loss) is equivalent 
to minimizing loss. The log-transformation also minimized the effect of extreme values. The 
resulting model is shown below: 
log(loss) = /30 + /J,x, + /32x 2 + /311 x 12 + jJ22 xi + /333x~ + /J44x~ + /355 x; 
+ /J66 X~ + /J1 2X1X2 + /J13X1X3 + /J14X1X4 + /J23X2X3 + /J24X2 X4 + /J34X3X4 (9) 
+ /Js6X5X6 + /J466X4X~ 
Table 4 provides a key to the numbered factors above. 
Table 4: Legend of response model factors 
Factor SITS Parameter 
1 Feedrate (ton/hr) 
2 Longitudinal Slope (deg) 
3 Fan Speed (rpm) 
4 Shake Speed (rpm) 
5 Transverse Slope (deg) 
6 Side Input (mm) 
Type 
Environmental 
Environmental 
Control 
Control 
Environmental 
Control 
The factor number corresponds to the subscript for the model coefficients (p) and the factor values 
(x). Subscripts with two or three digits denote interaction terms. For example, a subscript of "23" 
represents the interaction between longitudinal slope and fan speed. After rearrangement to isolate 
the control parameters, the model became: 
log(loss) = (/30 + f31x1 + f32x2 + f311X12 + f322x~ + f3ssx; + f312X1X2) 
+ X3 (/313X1 + j323X2) 
+X4(/314X1 + f324X2) 
+ j333X~ + j344x; + /366x~ + j334X3X4 + f3s6X5X6 + /3466X4X~ 
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(10) 
where upon inspection it becomes obvious that the factors involving only environmental parameters 
become part of the intercept, acting to shift the loss up or down, but not affecting the change in 
response from adjusting the control variables. The values of the model coefficients are shown in table 
5: 
Table 5: Model coefficients for exeerimentall~ derived MCCD log(loss) model. 
Term Estimate Std Error t Ratio Prob>ltl 
Bo -2.765689 2.345328 -1.1792 0.245833 
P1 -0.445597 0.149016 -2.9903 0.004935 
P2 0.8372925 0.273241 3.06431 0.004057 
P11 0.0043734 0.001123 3.89546 0.000396 
P22 0.0089093 0.004491 1.98393 0.054719 
p33 7.935E-06 7.63E-06 1.0401 0.30504 
p44 8.435E-05 4.92E-05 1.71446 0.09481 
Pss 0.0135343 0.002146 6.30651 2.42E-07 
p66 0.00305 0.002242 1.36054 0. 18189 
P1 2 0.0018474 0.001715 1.07739 0.28828 
p,3 0.0001166 0.000113 1.02872 0.310292 
P14 0.00036 0.000341 1.05685 0.297431 
P23 -0.00032 0.000229 -1.3997 0. 16994 
P24 -0.000916 0.000686 -1.335 I 0.189987 
p34 -3 .05E-05 3.72E-05 -0.82 0.417453 
Ps6 -0.004786 0.001059 -4.5197 6.15E-05 
p466 -7.59E-06 7.43E-06 -1.0208 0.313955 
The coefficients account for unit conversions, allowing direct input of operational parameters as 
measured. Therefore, small coefficient values do not necessarily equate to small impacts on the 
model. The interaction terms involving fan speed and shake speed all had relatively large p-values. 
However, they remain in the model as they are the only method of compensating for longitudinal 
slopes. The effectiveness of fan speed and shake speed was limited by the range of adjustment 
chosen for them. A wider operating range would have increased the effectiveness of these two 
control parameters. The model may be used to predict the loss resulting from any combination of the 
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six operating parameters. Since the model outputs the log(loss), the exponent of the output must be 
taken to allow direct comparison of predicted loss values to actual. 
Figures 17 and 18 are comparisons of the actual measured loss values from the final DOE to 
those values predicted by the above model. The raw data and predicted values corresponding to each 
run of the DOE are contained within Appendix C. 
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Figure 17: Actual vs Predicted loss using the MCCD model shown in equation 10 for the values 
from the third set of experiments. 
As can be seen in Figure 17, the model is a quite good fit to the data, with a linear trend line slope of 
1.05 and an R2 value of 0.926. 
The model was then taken one step further to explore the possibility of using it as a control 
model to minimize Joss given any combination of environmental conditions. The first and second 
derivatives of the model were taken with respect to each of the control parameters and are shown in 
equations (11) for fan speed, (12) for shake speed, and (13) for side input: 
: = /J14X1 + /J24X2 + /J34X3 + 2j344X4 + j34-06x~ 
4 
d2l = 2/J 
dx2 44 
4 
43 
(11) 
(12) 
(13) 
For optimum control, the first partial derivative from each of the three control parameters must be 
equal to zero. Simultaneous solution of the three partial derivatives would provide the magnitude of 
each control setting for optimal loss, provided the second derivative was also positive. In all cases 
this is true. 
A weakness of using clean corn only was revealed when the attempt was made to optimize the 
three control parameters. The side input optimization was correct. However, fan speed was being 
driven to zero and the shake speed to the vicinity of 100 rpm. The reason for zero fan speed was that 
without MOG, there is no real requirement for airflow to maintain a fluidized bed. If there were 
MOG, grain loss would increase without airflow since corn would be carried out with the undesirable 
material. However, with clean corn, any decrease in airflow would reduce the amount of corn carried 
out the back, making zero fan speed ideal. A similar argument applies to shake speed. As shake 
speed is reduced, the throwing action of the shoe is reduced, increasing the dwell time of the grain on 
the chaffer and giving it more opportunities to sift through the chaffer openings. At very low shake 
speeds, the chaffer oscillation is reduced to a sifting action, retaining all the corn by slowly sifting it 
through. At low shake speed, if MOG were present, accumulation on top of the chaffer would occur, 
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increasing thickness of the material layer, and increasing cleaning losses. Additionally, extreme 
downhill travel presents its own issues, requiring increases in fan speed and shake speed to keep 
material moving on the shoe. Therefore the partial derivatives could not be utilized for optimization 
of fan speed and shake speed. Thus, in this study realistic target fan speeds and shake speeds were 
selected for different environmental conditions. This reduced the optimization to a single dimension 
for side input. The predicted loss with optimized side input and realistic fan and shake speed curve in 
Figure 18 illustrates this concept. 
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Figure 18: Measured and predicted loss for each run of the final DOE. The raw data including run 
conditions and numerical results for all four curves are contained within Appendix C. 
Figure 18 plots two sets of data. The first is the measured loss for each run. The second is the 
predicted loss for each experimental run based on the actual control parameters used. It was observed 
that many of the runs had measured and predicted loss values higher than the loss predicted without 
any compensation. As can be seen, except for extremely high loss values, the predicted loss follows 
the actual loss very well. This gives confidence in saying that the model is accurate for prediction of 
the loss response of the SITS to various combinations of operating parameters. Comparison of the 
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prediction curves for no compensation against those for realistic compensation clearly illustrate the 
effectiveness of side input and variable fan speed and shake speed in compensating for sloped terrain 
(Figure 19). The baseline control settings for the level land baseline and sloped uncompensated 
curves for the figure are 300 shake rpm, 750 fan rpm, and 0 mm side input. 
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Figure 19: Comparison of predicted grain loss on a 10° transverse slope, both with baseline control 
settings and realistic compensation, against predicted baseline grain loss on level land. 
The 10° transverse slope represents the outer edge of the range of sidehill slopes that a production 
combine is likely to encounter in operation. The only adjustment from baseline to compensate for the 
transverse slope in Figure 19 was the addition of 30mm of side input. For the 5° longitudinal uphill 
slope, the compensation consisted of a decrease in shake speed to 275 rpm and a decrease in fan 
speed to 675 rpm with no side input. The compensated combined slope incorporated both speed 
changes and the side input. By examining the plot above, it can be seen that compensation achieves 
two things. First, it significantly decreases the grain loss resulting from travel on sloped terrain. 
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Second, it flattens the loss curve, extending the range of feedrates at which the combine may operate 
with low loss. This expansion of the combine's operating range increases productivity by allowing 
the combine to operate at a higher feedrate while retaining acceptable losses. 
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CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH 
The primary objective of this study was to develop a combine cleaning shoe that matched level 
land performance on any slope the combine was capable of traversing. An additional requirement 
was that the new cleaning shoe must fit within the chassis of the John Deere 60 Series STS combine 
without extensive modification. The first step in the study was to develop an analytical model of the 
interaction between a single corn kernel and combine chaffer. The model simulated the travel path of 
a corn kernel as it bounced on an oscillating combine chaffer that was tilted in any direction up to 
10°. The addition of three dimensional shake geometry and variable shake speed were investigated as 
methods to compensate for the effects of sloped terrain on the travel path of the kernel. The results of 
the analytical study showed that three dimensional shake and variable shake speed could indeed 
restore the kernel to a level land travel path on any combination of transverse and longitudinal slopes. 
The model was then used to develop a test stand that incorporated side input, variable shake 
speed, and variable fan speed. A series of baseline and proof of concept runs were performed to 
verify that the SITS matched the baseline performance of a production STS and that the concepts 
simulated in the analytical model worked as intended. After the concept was decided to be viable, 
three DOEs were performed to develop a second order response surface that characterized the loss 
response of the SITS with clean corn. The resulting model fit the actual performance of the SITS 
very well, and was capable of accurately predicting the grain loss resulting from any combination of 
the six operating parameters. However, the model could not be converted to a realistic control model 
for the purposes of optimizing all three control parameters based on the three environmental factors. 
This was due to the absence of MOG in the tests. Therefore realistic fan speed and shake speed 
parameters must be selected prior to optimization of the side input. 
The primary objective of future research should be to characterize the loss response of the SITS 
with the addition of MOG, and begin development of an automatic control system based on the model 
presented here. This could be achieved through two different paths. The first is to add MOG to the 
DOE used with the SITS, and continue tests in a laboratory setting. The second, more preferable 
option is to put a combine in the field that incorporates the mechanisms of the SITS. This would 
allow real world tuning of an automatic control system and avoid the difficulties of handling and 
storing MOG in the laboratory. 
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APPENDIX A: BLOCK DIAGRAMS OF THE MODEL 
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Figure A-1: Top level system for single kernel analytical model. It contains all required inputs and output plots for every function within the 
model. 
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Figure A-2: Screenshots of the chaffer kinematics subsystems. These subsystems calculate the coordinates of the endpoints of the front and rear 
swingers in real time. 
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Figure A-3: Screenshot of the crank subsystem (left) and chart coordinate transformation subsytem. 
The crank subsystem creates the rotating motion of the crank that drives the chaffer. The chart 
transformation subsystem converts the plots of the kernel's travel from global coordinates to 
Newtonian coordinates. 
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APPENDIX B: MODEL RUN OUTPUT PLOTS 
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Figure B-1: Kernel travel path on level land plotted in the Newtonian coordinate system. The upper 
plot is the horizontal view from the left side of the chaffer. The bottom plot is the view from above, 
looking down on the chaffer. In both plots the left edge is the front . 
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Figure B-2: Kernel travel path on a 10° transverse slope without compensation plotted in the 
Newtonian coordinate system. The upper plot is the horizontal view from the left side of the chaffer. 
The bottom plot is the view from above, looking down on the chaffer. In both plots the left edge is 
the front. 
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Figure B-3: Kernel travel path on a 10° transverse slope with 9mm of side input plotted in the 
Newtonian coordinate system. The upper plot is the horizontal view from the left side of the chaffer. 
The bottom plot is the view from above, looking down on the chaffer. In both plots the left edge is 
the front. 
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Figure B-4: Kernel travel path on a 5° longitudinal uphill slope without compensation plotted in the 
Newtonian coordinate system. The upper plot is the horizontal view from the left side of the chaffer. 
The bottom plot is the view from above, looking down on the chaffer. In both plots the left edge is 
the front. 
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Figure B-5: Kernel travel path on a 5° longitudinal uphill slope with shake speed decreased to 
250rpm plotted in the Newtonian coordinate system. The upper plot is the horizontal view from the 
left side of the chaffer. The bottom plot is the view from above, looking down on the chaffer. In 
both plots the left edge is the front . 
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Figure B-6: Kernel travel path on a combined 10° transverse/5° uphill slop without compensation 
plotted in the Newtonian coordinate system. The upper plot is the horizontal view from the left side 
of the chaffer. The bottom plot is the view from above, looking down on the chaffer. In both plots 
the left edge is the front. 
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Figure B-7: Kernel travel path on a combined 10° transverse/5° uphill slope with lOmm side input 
and 250rpm shake speed plotted in the Newtonian coordinate system. The upper plot is the 
horizontal view from the left side of the chaffer. The bottom plot is the view from above, looking 
down on the chaffer. In both plots the left edge is the front. 
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APPENDIX C: RUN DATA FOR FINAL DOE 
Table C-1: Run data for final DOE. The table also includes predicted values from the exponent of the output of Equation 10. 
Run# 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
Feedrate 
(ton/hr) 
30 
30 
40 
40 
20 
40 
20 
30 
40 
20 
30 
20 
30 
40 
20 
40 
20 
30 
40 
40 
40 
40 
20 
20 
40 
30 
30 
Longitudinal 
Slope (deg) 
0 
0 
-5 
5 
5 
5 
5 
0 
-5 
5 
0 
-5 
0 
-5 
-5 
5 
-5 
0 
5 
-5 
0 
-5 
5 
-5 
5 
-10 
5 
Fan 
Speed 
(rpm) 
900 
750 
825 
675 
825 
825 
825 
750 
825 
675 
600 
675 
750 
675 
825 
825 
825 
750 
675 
675 
750 
825 
675 
675 
825 
750 
750 
Shake 
Speed 
(rpm) 
300 
300 
325 
275 
325 
325 
325 
300 
325 
275 
300 
325 
300 
275 
325 
275 
275 
300 
325 
325 
300 
275 
325 
275 
325 
300 
300 
Transverse 
Slope 
(deg) 
5 
0 
0 
10 
10 
10 
0 
0 
10 
0 
5 
10 
0 
10 
10 
0 
10 
10 
0 
0 
5 
10 
0 
10 
0 
5 
5 
Side 
Input 
(mm) 
15 
0 
30 
30 
0 
30 
30 
0 
0 
30 
15 
0 
0 
0 
30 
30 
0 
15 
30 
0 
15 
30 
0 
30 
0 
15 
15 
Tailings 
% 
8.583 
3.035 
2.729 
15.560 
21.053 
20.864 
19.499 
3.246 
15.248 
10.481 
1.317 
5.333 
3.487 
1.598 
3.776 
19.082 
2.024 
4 .349 
17 .261 
5.039 
9.220 
1.221 
16.904 
0.738 
24.422 
0.364 
17.802 
Measured 
Loss% 
1.117 
0.212 
0.538 
2.821 
31.216 
20.956 
21.288 
0.227 
4.771 
2.471 
0.090 
0.533 
0.201 
0.032 
1.092 
6.361 
0.221 
0.580 
14.165 
0.292 
0.572 
0.114 
6.228 
0.044 
23.018 
0.012 
3.465 
Predicted 
Loss% 
1.146 
0.322 
1.080 
2.941 
37.178 
32.793 
16.245 
0.322 
2.471 
2.963 
0.175 
0.670 
0.322 
0.062 
0.657 
8.578 
0.253 
0.723 
16.657 
0.185 
0.656 
0.152 
6.375 
0.047 
21.051 
0.021 
3.101 
Predicted 
Loss% No 
Compensation 
0.451 
0.322 
0.097 
19.761 
12.858 
19.761 
3.322 
0.322 
0.375 
3.322 
0.451 
0.353 
0.322 
0.375 
0.353 
5.105 
0.353 
1.245 
5.105 
0.097 
0.790 
0.375 
3.322 
0.353 
5.105 
0.025 
3.730 
Predicted 
Loss% 
Realistic 
Compensation 
0.375 
0.322 
0.638 
2.941 
2.729 
2.941 
1.245 
0.322 
0.995 
1.245 
0.375 
0.657 
0.322 
0.995 
0.657 
1.342 
0.657 
0.594 
1.342 
0.638 
0.656 
0.995 
1.245 
0.657 
1.342 
1.010 
1.016 
VI 
'-0 
Table C-2: Run data for final DOE (cont.) 
Run # 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
Feedrate 
(ton/hr) 
20 
30 
10 
20 
40 
20 
30 
20 
40 
30 
30 
40 
30 
40 
30 
30 
30 
40 
40 
20 
30 
30 
20 
30 
20 
20 
30 
Longitudinal 
Slope (deg) 
5 
0 
0 
5 
-5 
-5 
0 
-5 
5 
0 
0 
-5 
0 
5 
0 
0 
0 
5 
-5 
-5 
0 
0 
-5 
0 
5 
5 
0 
Fan 
Speed 
(rpm) 
675 
750 
750 
675 
675 
675 
750 
825 
675 
750 
750 
825 
750 
675 
750 
750 
750 
825 
675 
675 
750 
750 
825 
750 
825 
825 
750 
Shake 
Speed 
(rpm) 
325 
350 
300 
275 
325 
325 
300 
275 
325 
300 
300 
275 
300 
275 
250 
300 
300 
275 
275 
275 
300 
300 
325 
300 
275 
275 
300 
Transverse 
Slope 
(deg) 
10 
5 
5 
10 
10 
0 
0 
0 
10 
0 
5 
0 
0 
0 
5 
5 
0 
10 
0 
0 
0 
5 
0 
5 
10 
0 
0 
Side 
Input 
(mm) 
30 
15 
15 
0 
30 
30 
0 
30 
0 
15 
15 
0 
0 
0 
15 
30 
0 
0 
30 
0 
0 
15 
0 
0 
30 
0 
0 
Tailings 
% 
17.021 
13.253 
7.234 
16.652 
1.728 
1.294 
4.467 
1.762 
16.819 
8.540 
3.379 
1.278 
4 .925 
20.903 
0.512 
3.863 
4.452 
21 .357 
0.778 
0.162 
5.770 
3.968 
3.005 
9.827 
21.152 
15.976 
5.268 
Measured 
Loss% 
13.652 
4.699 
1.033 
6.005 
0.332 
0.246 
0.281 
0.204 
34.369 
0.890 
0.3 11 
0.113 
0.306 
2.228 
0.050 
0.658 
0.254 
22.273 
0.063 
0.068 
0.341 
0.323 
0.315 
0.870 
6.841 
1.786 
0.269 
Predicted 
Loss% 
9.932 
2.922 
1.687 
4.8 19 
0.288 
0.293 
0.322 
0.156 
38.1 21 
0.383 
0.375 
0.069 
0.322 
1.342 
0.073 
0.441 
0.322 
13.953 
0.038 
0.021 
0 .322 
0.375 
0.422 
0.451 
5.167 
2.357 
0.322 
Predicted 
Loss% No 
Compensation 
12.858 
0.451 
2.030 
12.858 
0.375 
0.091 
0.322 
0.091 
19.76 1 
0.322 
0.451 
0.097 
0.322 
5.105 
0.451 
0.451 
0.322 
19.76 1 
0.097 
0.091 
0.322 
0.451 
0.091 
0.451 
12.858 
3.322 
0.322 
Predicted 
Loss% 
Realistic 
Compensation 
2.729 
0.375 
1.687 
2.729 
0.995 
0.422 
0.322 
0.422 
2.941 
0.322 
0.375 
0.638 
0.322 
1.342 
0.375 
0.375 
0.322 
2.941 
0.638 
0.422 
0.322 
0.375 
0.422 
0.375 
2.729 
1.245 
0.322 
°' 0 
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